Purpose Degradation or decomposition of the chemical herbicides by natural reagents after using can lead to produce various types of harmful intermediates. Ultrafiltration by the mixed matrix membranes blended with the graphene oxide/TiO 2 can remove the residual herbicides from aqueous solution. Methods Graphene oxide/TiO 2 x% (x = 10, 30, 50%) was prepared by solvothermal method and blended by polysulfone to prepare GO/TiO 2 /PSf membranes for dynamic rejection of aqueous solutions of glyphosate, 2,4-D, butachlor, and trifluralin in a dead-end flow system. The blended membranes were also applied for the adsorption of herbicides in batch experiments. Results Addition of GO/TiO 2 nanocomposite increased water flux from 7.3 for pure membrane to 211-326 kg/m 2 h for mixed matrix samples in order to increase of the membrane porosity and surface hydrophilicity. The herbicides rejections were found in the range of 50-70% related to GO/TiO 2 content. It was found that the membrane blended with 0.5 wt.% of GO/TiO 2 (10%) demonstrated the most efficiency. Conclusions Details of dynamic filtration showed that the blended membrane acted based on the size exclusion mechanism. Adsorption experiments indicated that the strong attractions between H-bond donor sites of the herbicide and GO/TiO 2 nanoparticles in membranes played a key role in the increase of adsorption of herbicides on the membrane.
Introduction
Chemical herbicides include a wide range of synthetic compounds which are used for prevention of weeds growth. Annual consumption of them in Iran is more than 6000 tons containing about 40 synthetic herbicides such as phenoxy acids (e.g. 2,4-D), organophosphorus compounds (e.g. glyphosate), dinitroaniline's (e.g. trifluralin), acetanilide's (e.g. butachlor), etc. [1] . Pimentel reported that less than 0.1% of a herbicide reaches to the target, so a large amount of it releases in the environment resulting pollution of the soil, surface, and ground waters [2] . Degradation or decomposition of the herbicides by natural reagents can lead to produce various types of harmful intermediates such as aniline derivatives, phenolic compounds, aromatics, etc.
Filtration by polymeric membranes is known as an effective method for the removal of contaminations from water in order to their easy preparation method, simple installation, and application in large scale treatment plants. In addition, modification of their structure by means of advanced nanocomposite materials in both forms of thin film composite (TFC) or mixed matrix membranes (MMM's) has developed their applications in ultra/nanofiltration systems. Various types of nano-based composite materials have been applied for modifying surface or matrix of the polymers. Among them, graphene oxide (GO) and GO-assisted nanocomposites have been widely used for the removal of water pollutants in batch experiments [3] [4] [5] or membrane filtration [6] [7] [8] . In order to the existence of large amounts of hydroxyl, carboxyl, and epoxy groups on the surface of GO, it can be easily functionalized by the chemical compounds to prepare advanced nanocomposite adsorbents [9] . Modification of ultra/nanofiltration membranes by means of GO-assisted nanocomposites can improve their permeability, fouling resistance and removal efficiency. Several literatures have been published about synthesis of GO functionalized with the various types of metal/ non-metal oxide nanoparticles such as ZnO [10] , SiO 2 [11] , Fe 3 O 4 [12] , MoO 2 [13] , WO 3 [13] , etc. and their application as advanced modifier of the polymeric membranes.
GO/TiO 2 nanocomposite is a good candidate for the enhancement of structural properties, fouling resistance, and efficiency of the membranes. A TFC nanofiltration containing rGO/TiO 2 nanocomposite was made by interfacial polymerization of piperazine and trimesoyl chloride for salt and BSA rejections [14] . Results showed improvement of fouling resistance of membrane at the presence of nanocomposite. Safarpour et al. blended polyethersulfone (PES) with rGO/ TiO 2 for rejection of textile dyes [15] . They reported that the membrane by 0.1 wt.% of nanocomposite demonstrated the best fouling resistance and dye rejection in comparison of TiO 2 /PES and GO/PES membranes. TiO 2 /GO nanocomposite was also applied for modification of PSf membrane by Layerby-Layer method and used for removal of methylene blue (MB) under photocatalytic experiments by UV/sunlight irradiation [16] . It was observed that the flux of modified membranes increased and MB photodegradation was faster than the pure PSf membrane. Emadzadeh et al. synthesized TFC membranes by use of TiO 2 nanoparticles prepared with solvothermal method for improving antifouling properties of PSf membranes [17] . They found that addition of 0.01 w/v% of nanocomposite led to the lower flux decline. Photodecomposition of MB was also investigated by photocatalytic PSf membrane blended with nitrogen doped GO/ TiO 2 nanocomposite [18] . It was reported that photodecomposition of MB improved 20-50% and 30-80% under UVand sunlight irradiation, respectively. GO/TiO 2 polycarbonate membranes were used for filtration of methyl orange and rhodamine B and adsorptive filtration mechanism was suggested for removal of dyes in aqueous solution [19] .
In this study, GO/TiO 2 nanocomposite has been synthesized and mixed with PSf membranes and applied for ultrafiltration of some commercial herbicides using a continuous filtration set up. The activities of membranes for removal of herbicide from aqueous solution have been also studied in a batch system and their adsorption capacities have been compared with some natural and synthetic adsorbents.
Experimental

Materials
Graphene oxide prepared by modified hammers method was provided from US Research Nanomaterials, Inc. (6-10 layers, thickness of 3.4-7 nm). Titanium tetra isopropoxide (TTIP), and N-methyl-2-pyrrolidone (NMP) were purchased from Merck in high purity form. PSf (MW = 60 kg/mol) was provided from BASF (Ultrason® S 6010). Trifluralin, butachlor, glyphosate, and 2,4-D were provided from HPC standards GmbH. In all experiments pure water was used. Modeling and quantum calculation of the herbicides were carried out by free Gaussian 98 package using RHF method and STO-3G basis set to calculate some geometrical and electronic properties shown in Table 1 .
Preparation of GO/TiO 2 nanocomposite
G O / Ti O 2 n a n o c o m p o s i t e w a s s y n t h e s i z e d b y solvothermal method [15] . 0.5 g GO powder was dispersed and stirred (rpm = 600) in 50 cc ethanol in pH = 5 adjusted by nitric acid and sonicated 30 min by a Labsonic FALC ultrasonic bath (Frequency 50 kHz and absorbed power 100 W) at 40°C. TTIP was diluted in 20 cc ethanol and then added dropwise by a homemade droplet generator to GO and stirred vigorously at 10°C for 2 h. The mixture was then kept into a Teflonlined stainless autoclave and heated to 100°C for 12 h. The sample was then centrifuged, washed by ethanol and water and finally dried at 150°C for 12 h. By this method, three samples of GO/TiO 2 nanocomposite containing 10, 30, and 50% wt. of TiO 2 were synthesized and named as GO/TiO 2 -10 (or A), GO/TiO 2 -30 (or B), and GO/TiO 2 -50 (or C), respectively.
Membrane casting
Phase inversion method was used for preparation of mixed matrix membrane [15] . 2 g PSf was dissolved in 12 g NMP (casting solution) and stirred at 60°C for 18 h. A certain amount of GO/TiO 2 was then dispersed in the casting solution and stirred again for 8 h. The solution was then kept at room temperature for one day and then sonicated 30 min at 40°C for degassing. Membrane casting was performed by use of a homemade film applicator with the thickness of 200 μm and dimension of 15 × 30 cm. The sample was then immersed immediately in water bath (40°C) to form membrane film during phase inversion process. The membrane was then kept in water bath for 24 h to remove the solvent from membrane film. By this method, 9 types of membranes were prepared by addition of 0.25, 0. 
Characterization
FTIR spectra of GO/TiO 2 samples were obtained by means of AVATAR instrument (Thermo Co.) in order to observe functional groups of GO before and after coating by TiO 2 nanoparticles. X-ray diffraction technique was applied to determine the christally phases in the nanocomposites using a Philips PW1730 X-ray diffractometer with Cu Kα radiation (1.5472 Å). FE-SEM micrographs of the prepared GO/TiO 2 and membranes were performed by means of S-4160, HITACHI device. Surface roughness and roughness parameters of the membranes were determined by Aria Pajohesh AFM microscopy in non-contact mode by scanning 1 cm 2 of membrane piece. Membrane porosity was determined by soaking a piece of dried membrane in water bath for 24 h according to the following equation:
where W dry and W wet are weights of dried membrane and wet membrane after immersing in water bath for 24 h, respectively. ρ, A, and h are density of water (0.998 g/cm 3 ), area (cm 2 ) and thickness of membrane (cm), respectively. Pure water flux (PWF) was determined after steady state condition in dynamic filtration set up (discussed in section 2.6) by Eq. (2):
Jw, V, A, and t are weight water flux (kg/m 2 h), weight of permeate water (kg), membrane area (m 2 ), and time of experiment (h), respectively. Surface charge of the prepared membranes in pH = 7 was measured by determination of zeta potential from streaming potential measurements using electro kinetic analyzer (SurPASS, Anton-Paar, Austria). Contact angles of membranes were estimated by fitting Young-Laplace equation to the drop images by open source Image J v.1 software developed by MERCK Institute (Iran). 4 μl of deionized water was deposited on four different locations on the membrane surface and images were taken by color industrial camera (DFK 23U618 USB 3.0) with a 2X lens and contact angle was calculated by 0.01 of certainty. Determination of total pore volume, pore size distribution, and mean pore diameter of the membranes were carried out by BET measurement using BELSORP MINI II instrument (BEL Co.) and N2 adsorption/desorption technique after degassing at 85°C for 4 h.
Dynamic filtration and batch experiments
A dead-end flow system was applied for ultrafiltration of herbicides using mixed matrix membranes. A piece of membrane was held in a stainless steel holder with an effective area of 21 cm 2 . Four aqueous solutions containing trifluralin, butachlor, glyphosate, or 2,4-D with the initial concentration of 20 ppm were prepared. Each herbicide solution was pumped through the membrane in the holder at constant transmembrane pressures (TMP) of 1 bar monitored by a gauge and constant temperature of 25°C. Sampling was done after steady state condition and determination of herbicide concentration was followed by direct injection of the aqueous samples into the total organic carbon (TOC) analyzer (Beckman 915ATOC analyzer). Filtration experiments of each herbicide were repeated for all 9 mixed matrix membranes. In order to determine variation of flux during filtration period, a long time experiment was performed and the value of flux for each herbicide solution was determined.
Study of adsorption behavior of herbicide on the membranes was investigated by batch experiments. 0.5 g membrane was fragmented to the very small pieces (1 × 1 mm) and mixed by 50 cc herbicide solution in different initial concentrations of 3, 6, 9, 12, 15, 18, and 21 ppm (7 solutions for each herbicide). Each mixture was shaken for 24 h at 25°C and the membrane pieces were then removed by centrifuge. The sample was analyzed by HPLC for determination of residual herbicide using Agilent HPLC (1260 Infinity) with UV detector (EX 1600), column C18, and EX 1600 software. Quantitative analysis was performed by use of certified reference materials (CRM) for accurate calibration.
Results and discussion
Molecular characteristics of herbicides
According to the values of solubility and details of molecular modeling presented in Table 1 , the herbicides can be divided to two different types: hydrophilic samples including Characterization of GO/TiO 2 nanocomposite [20] . The broad band at the range of 450-750 cm −1 in the spectra of GO/TiO 2 sample can be assigned to the stretching band of Ti-O-Ti groups [21] . It can be seen that the intensity of this band increases by TiO 2 content in the nanocomposite. It is also observed that the intensity of vibrational band at the range of 3000-3500 cm −1 increases by increase of TiO 2 content in GO/TiO 2 samples. It can be related to the stretching vibrations of hydroxyl groups on the surface of TiO 2 nanoparticles (Ti-OH)as hydrophilic groups playing a key role for hydrophilicity and permeability of membrane discussed in section 3.3. XRD patterns of the prepared samples are given in Fig. 2 . The sharp peak at 10.5 o corresponds to d 001 reflection in GO as the characteristic peak of graphene oxide. The small peak at 25 o in GO/TiO 2 samples indicates formation of TiO 2 particles assigning d 101 reflection in anatase form of titanium dioxide [22] . Figure 3 shows SEM micrographs of GO and GO/TiO 2 -50% sample. Grapheme oxide exhibits a flaked shape as the original structure of graphene oxide sheets. In addition, the nanoparticles of titanium dioxide are carefully dispersed on the graphene oxide in spherical form with the nano sized diameter less than 10 nm. Carefully dispersion and small particle size provide large amounts of active sites on the external surface of the nanocomposite that can interact with the polymer matrix during the membrane casting and enhance membrane porosity and permeability. Characterization of GO/TiO 2 /PSf membranes Porosity, pure water flux (PWF), and surface charge of the membranes are given in Table 2 . The blended membranes exhibit higher porosity, PWF, surface charge in comparison of pure PSf membrane. The porosity of the membrane rises from 39% in M 0 to 67% in M C-1 . Moreover, the value of PWF increases from 7.3 kg/m 2 h for M 0 to 326.6 kg/m 2 h for M C-1 . According to the nature of the nanocomposite, existence of GO/TiO 2 particles in the structure of membrane increases hydrophilic sites in the membrane structure and enhance diffusion rate of water molecules through the membrane resulting higher hydrophilicity and permeability. In addition, it is seen that the value of PWF increase by TiO 2 content in nanocomposite. Coating GO by TiO 2 nanoparticles leads to an increase the number of hydrophilic functional groups (Ti-OH) on the surface of GO and facilitates interaction of water molecules by GO/TiO 2 particles in membrane resulting better diffusion and solution. Moreover, they increase negative charge in surface of membrane (zeta potential) according to the chemical nature hydroxyl groups as polar sites with electron pairs. These negative groups can easily interact with the protons in water molecules, adsorb them and increase diffusion and solution of water in the membrane [23] .
SEM micrographs of the prepared membranes are shown in Fig. 4 . The membranes exhibit sponge like structure with the interconnected macrovoids in the sub-layer region. This structure can increase membrane permeability and flux in comparison of non-filled membrane (not shown here). In addition, it is observed that the macrovoids formed along the cross section of membrane as asymmetric structure can facilitate diffusion of water and increase water flux. It is also observed that by increase of TiO 2 content in nanocomposite the porosity of membrane increase in order to growth of sponge-like structure with more interconnected macrovoids. Table 3 shows details of BET measurements for the membranes M 0 , M A-1 , M B-1 , and M C-1 . It is seen that mean pore diameter increases from 8.1 nm for the pure PSf membrane to 27.6, 40.3, and 47.9 nm for M A-1 , M B-1 , and M C-1 , respectively. Rise of pore diameter confirms this fact that increase of pore size and porosity of the membrane by GO/TiO 2 content rise PWF of the blended samples.
AFM micrographs of M C-x membranes are given in Fig. 5 . Dark and light points represent nodes and peaks on the membrane surface, respectively. It is seen that by increase of nanocomposite content in the membrane structure the surface roughness increases. Roughness parameters i.e. R a , R q , and R z rises from 5.09, 6.43, and 37.48 nm for M 0 to 9.85, 12.31, and 77.14 nm for M C-1 , respectively. It can be concluded that Fig. 4 . SEM micrographs of the prepared mixed matrix membranes addition of GO/TiO 2 nanocomposite to the casting solution increases the rate of solvent (NMP) replacement by nonsolvent (water) during phase inversion and produces more porous structure and rougher surface in the membrane [24] . Rougher surface can provide more effective area for water molecules to pass through the membrane and increases interactions of permeate and active sites located on the surface of membrane. Figure 6 shows the sessile drops of water on the membranes and values of contact angle. It is observed that by addition of GO/TiO 2 to the membrane the value of contact angle reduces in order to the increase of surface hydrophilicity of membrane. It is also observed that by increase of TiO 2 in nanocomposite content the contact angle decreases. It is clear that at the presence of hydrophilic sites of Ti-OH the surface wettability enhances. Table 4 shows a comparison between the results of herbicide rejection and PWF for different mixed matrix membranes. It is seen that the prepared membranes in this study exhibits higher permeability compared to the other samples. Similarly, it was reported that size exclusion was the dominant mechanism of herbicide rejection [26] [27] [28] [29] [30] and the chemical structure of herbicide played a key role in membrane efficiency [26] . Figure 7 shows results of dynamic filtration of herbicide solutions by different membranes. From details, the value of rejection for trifluralin rises from 70% for M A-0.25 to 73% for M A-0.5 and then reduces to 61% for M C-1 . Similarly, the rejection of butachlor by means of M A-0. 25 and M A-0.5 are 67 and 69%, respectively while it decreases to 58% using M C-1 . The rejection of 2,4-D also reduces from maximum value of 61% for M A-0.5 to 56% and for glyphosate, the rejection decreases from 53% for M A-0.25 to 50% for M C-1 , respectively. Comparison of rejection details and molecular properties of herbicides shown in Table 1 indicates that the herbicides by larger size and lower solubility have higher rejection. It can be concluded that the size exclusion is the dominant mechanism for herbicides rejection. Trifluralin and butachlor have larger size (143.6 and 142.1 nm, respectively), zero H-bond donor site, and lower solubility. Based on this mechanism, glyphosate and trifluralin have smaller size, so their rejections decrease. In addition, existence of H-bond donor sites in their structure leads to more interactions with hydrophilic surface of mixed matrix membrane and better diffusion resulting lower rejection. Fig. 6 Images of sessile drops and contact angles of the mixed matrix membranes 
Dynamic filtration
Adsorption experiments
The results of removed values of each herbicide during adsorption experiments were fitted by Langmuir isotherm in order to calculate maximum adsorption capacity for each membrane. Details for adsorption of the herbicides on the various types of membranes are given in Table 5 
Conclusion
Addition of GO/TiO 2 prepared by solvothermal procedure to polysulfone membranes significantly increased water permeability and surface hydrophilicity via the existence of titanol groups dispersed on the nano scale TiO 2 particles in nanocomposite. It was found that the blended membrane were efficient to rejection of herbicides based on the size exclusion mechanism. The membrane having 0.5 wt.% of GO/TiO 2 (10%) exhibited the most efficiency for herbicide rejection (73, 69, 61, and 53% for trifluralin, butachlor, 2,4D, and glyphosate, respectively). Addition of GO/TiO 2 more than this value decreased membrane rejection, although it was observed the membrane as an adsorptive filter of herbicide by formation of porous sponge like structure in membrane. Results of adsorption experiments indicated that the membranes by more nanocomposite content, TiO 2 percentage in GO/TiO 2 structure, and porosity demonstrated higher adsorption capacity of the herbicides. The adsorption capacities of Glyphosate, 2,4-D, butachlor, and trifluralin over the membrane having 1 wt.% of GO/TiO 2 (50%) were 26.59, 19.08, 9.44, and 7.69 mg/g, respectively. More adsorption of glyphosate and 2,4-D resulted according to their smaller size and faster diffusion through the membrane pores. Moreover, strong attractions between H-bond sites and hydrophilic GO/TiO 2 nanoparticles dispersed in membrane channels led to more adsorption of glyphosate and 2,4-D. 
